Because of the high sensitivity of the climate system to anomalies of the snow cover, appropriate models of the latter are required. In this paper a one-dimensional multilayer model of a snow cover is presented combining relatively accurate model physics with minimal computer time. The model is based on the balance of mass and energy, including the important internal processes such as the diffusion of temperature and water vapor, melting and freezing, the extinction of short wave radiation, and the retention of liquid water. In order to keep the possibility of using the model on a global scale, no local parameterizations are employed. An efficient numerical scheme makes the model suitable for long-term climate studies. Integrations for Potsdam (52øN, 13øE) with standard synoptic measurements over a period of six winters demonstrate good correspondence between the model results and the observed values. The most serious problem remaining is the choice of a satisfactory criterion to distinguish between snowfall and rain which strongly affects the simulation of snow depth and water equivalent. In addition, snow on sea ice, causing a net cooling of air and keeping the sea ice warm and thin, affects the climate at high latitudes [Ledley, 1991] . On the other hand, variations of the snow cover might indicate climate changes due to the ability to integrate atmospheric disturbances [Flohn, 1974] .
] show a high sensitivity of the atmosphere to variations in the extent and mass of accumulated snow. They give evidence to suggest that anomalies of the snow cover in particular regions of Eurasia and North America might induce complex feedback mechanisms leading to local and global climate fluctuations. In addition, snow on sea ice, causing a net cooling of air and keeping the sea ice warm and thin, affects the climate at high latitudes [Ledley, 1991] . On the other hand, variations of the snow cover might indicate climate changes due to the ability to integrate atmospheric disturbances [Flohn, 1974] .
In comparison with the bare soil, various physical parameters are significantly altered by a snow cover. The surface albedo rises suddenly from 10 to 25% to values of 75 to 90% for freshly fallen snow, reducing the short wave radiation absorbed by the surface. Further, the turbulent heat fluxes are modified due to a rapid decrease of the roughness length. Typical mean values over snow, given, e.g., by Stull [1988] , Garratt [1992] , and K6nig [1985] , vary between 10 -3 m over snow-covered farmland, 10 -4 m for the Antarctic region, and 10 -5 m over snow-covered flat or rolling ground.
In this investigation a multilayer snow cover model is presented which is based on the mass and energy balances. Using basic physical principles and mostly avoiding tuned parameters, the model includes all important internal processes altering the snow cover. Four snow types (cold snow, wet snow, firn snow, and ice) are distinguished. The complexity and numerical effort of the model makes it suitable for long-term integrations. The forcing terms include only standard meteorological parameters. For the implementation of this one-dimensional snow cover model in a general circulation model, (GCM) parameterizations (analogous to Dickinson et al. [1986] ) must be added to relate the snow albedo, the long wave emission, the turbulent heat fluxes, and the mass fluxes, which are representative for a bare soil, to different vegetation and surface types given in modern GCMs for every grid square. The paper is divided as follows: Section 2 describes the physics of the model and we discuss briefly the physical effects on which the parameterizations are based. In section 3 we present some results of our sensitivity studies. Section 4 is devoted to long-term integrations carried out with data sets from Potsdam over a period of six winters. Finally, conclusions of this investigation are given.
MODEL PHYSICS

General Comments
The model physics is largely based on parameterizations adapted from Anderson [1976] . Snow is considered as a one-dimensional physical system (vertical coordinate z) consisting of ice, liquid water, water vapor, and included air.
The state is determined by the following variables' snow depth inm h = h(t) snow temperature in K T = T(z, t) dry snow density inkgm -3 p = p(z, t) liquid water content in kg m -3 w = w(z, t) water vapor concentration in kg m -3 v = v(z, t)
The water vapor pressure is assumed to reach the saturation value over ice, so that the water vapor concentration represents a diagnostic variable. It is only a function of the snow temperature and can be estimated by means of the ideal gas equation.
It proved useful to take up an idea of Siemer [1988] to allow the existence of two different snow types. Cold snow is characterized by snow temperatures below the freezing point. Penetrating liquid water freezes immediately. Wet snow, however, has the ability to store liquid water up to a certain threshold value, the retention capacity. For this type of snow a constant temperature of 273.15 K is demanded.
As a result of the aging processes, snow layers can transform into firn snow and ice. According to the snow density the model distinguishes four types of snow (see Table 1 ).
Ignoring the lateral fluxes, the energy balance Q* of a snow cover can be expressed as the sum of the following fluxes' (1) short wave radiation balance Q•, which can be In addition to heat conduction, existing temperature gradients simultaneously cause water vapor diffusion and lead to a mass transfer within the snow cover. The consequence of this process is a growth of cold crystals, the formation of depth hoar, and a release of latent heat due to the sublimation or condensation in the oversaturated colder snow layers. The water vapor flux within the snow cover M• can be expressed by Fick's law of diffusion: The freezing scheme: Freezing processes appear when liquid water exists in or penetrates into snow with temperatures below 0øC. Because of the fact that wet snow is able to store liquid water, the amount of released energy Q is given by Q = min (Q1, Q2)
where ( Observations [Kojima, 1967] show that an increase in snow density p is accompanied with an exponential enhancement of the viscosity Tic. Different parameterizations whether precipitation occurs as snow or rain are overviewed by Rohrer [1989] . In our simulations the choice of the aggregational state was made on the basis of near-surface air temperature data given for Davos (Switzerland) in the work of Wilhelm [1975] . For air temperatures between -IøC and 4øC we introduce a mixed zone in which snow and rain coexist (Table 3) .
If the precipitation is interpreted as rain, the retention capacity and the trapped liquid water MpRs are calculated. In the case of snowfall a new-snow layer with a snow 
Solution Technique
The snow cover model is numerically formulated as a layered system in finite differences. The integration time step is 2 hours. The required data set consists of (1) The source term F i is the sum of the absorbed short wave radiation flux QRi, the energy input due to rain QHPRi, and the latent heat flux QEi which are estimated for each layer.
As boundary conditions we use the heat conduction equation in a similar form. The energy fluxes to the atmosphere and to the soil are introduced implicitly. The long wave radiation balance and the turbulent heat fluxes act as further forcing components in the surface layer. In the bottom layer of the snow cover we additionally consider the ground heat flux.
In order to guarantee numerical stability even for extremely thin layers the equation system is written Euler backward. For its solution we apply the direct technique of Richtmyer and Morton [1967] which provides the new temperature values in one step.
SENSITIVITY STUDIES
General Model Behavior
We started the sensitivity tests with an analysis of the general physical behavior of the snow cover model. For this purpose we carried out simulations under different atmospheric conditions. It proved useful to investigate the following test period of 15.5 days (Table 4) Results: The given atmospheric parameters result in a continuous increase in snow depth and water equivalent from day 0 to day 5.5 ( Figure 2) . The nonlinear growth of the snow depth is caused by the aging processes and is realistically reproduced. According to the "snow-rain criterion" used, the model simulates a reduced accumulation rate for day 3 to day 5.5. The following cold period is characterized by a decrease in snow depth due to the work of compaction and settling and a constant water equivalent. In the melting phase both snow depth and water equivalent decline in value. The time delay in outflow at day 10 is the consequence of the ability of the snow cover to store liquid water. In all these intervals the snow cover occurs in two or three layers.
The simulated snow surface temperature ( 
Snow-Rain Criterion
The sensitivity of the model to the implemented snow-rain criterion of the fallen precipitation was tested by means of two data sets: (1) data from the test period described in section 3.1 and (2) The simulations point out a great dissimilarity in the accumulated snow depths and water equivalent. The application of the wet bulb temperature as suggested by Anderson [1976] results in a snow depth of 90 cm (13 mm water equivalent) (Figure 7) . Use of the air temperature of 0øC indicates about 60 cm and 9 mm water equivalent. The third criterion was applied in the standard version. It results in a snow depth of 69 cm and a water equivalent of 11.7 mm (see Figure 2 ). Analogous to section 3.1 these modeled snow depths and masses are accompanied by different daily amplitudes and absolute values of the snow surface temperatures (changing by 1 K and 3 K, respectively). The same occurred for the energy fluxes. Thus the snow-rain criterion influences not only the snow parameter but also the energy transfer to the atmosphere.
The further simulations
with the second data set were carried out with the criteria which were suggested by Siemer [1988] and Rachner [1983] . The contrast between the computed and the observed values again reflects the strong sensitivity of the model (Figure 8 ).
Global Radiation and Albedo
In order to estimate the influence of the short wave radiation balance on the development of a snow cover, a The values of snow temperature and liquid water content show the characteristic daily cycle of freezing and melting which is induced by the global radiation, the turbulent heat and water vapor fluxes, and the long wave emission. During the ablation period the temperature profile was constant at 273.15 K. Both snow density and liquid water content increase rapidly.
CONCLUSIONS
The purpose of this study was to construct and test a one-dimensional snow cover model being a composition of a detailed physical description of a snowpack and minimum computer time requirement. The model should be applicable globally and in long-term climate simulations. retention capacity. specific heat capacity of dry snow, J/(kg K).
